1. Introduction {#sec1}
===============

A walker, also known as a walking frame, is utilized by people requiring stability due to age-related conditions, disabilities, or for physical rehabilitation \[[@bib1], [@bib2], [@bib3]\]. Additionally, the study in \[[@bib4]\] shows that the use of walkers affects the rehabilitation outcome, and can also accelerate the recovery period.

To speed up the rehabilitation of a person aided by a walker, an assessment can be made based on the results of several experiments \[[@bib5], [@bib6]\]. One of the tests involves walking speed, which has been proven to be associated with survival rates of adults. A measure based on a comprehensive geriatric assessment and a responsive measure for patients experiencing short-term rehabilitation are taken into account.

Normally, several standard tests can be taken with and without walking aids, such as the 6-Minute Walk Test \[[@bib7]\], the 50-Feet Walk Test, the 30-Second Chair Stand Test \[[@bib8]\], and the Timed-Up and Go Test \[[@bib9]\], to evaluate walking parameters. However, these tests pose a disadvantage when they compute average walking speed only, rather than frequently reevaluate these data, mostly because the tests are conducted in hospitals \[[@bib8]\].

Recently, low-cost inertial measurement units (IMUs) consisting of accelerometers and gyroscopes have been successfully utilized for motion tracking. Due to their acceptable accuracy, low cost, light weight, compact size, and user-friendliness, these wearable IMUs have become one of the most preferred solutions for motion tracking. Motion tracking can be used for gait analyses \[[@bib10], [@bib11], [@bib12]\], pedestrian navigation \[[@bib13]\], the control system of an industrial robot trajectory \[[@bib14], [@bib15], [@bib16]\], and sports-related applications \[[@bib17], [@bib18]\].

We advanced a complete and portable measurement system, consisting of an IMU and two encoders fixed to a front-wheel walker \[[@bib10], [@bib19]\]. The walking parameters were extracted from the walker\'s trajectory, estimated using a Kalman filter (KF), based on an inertial navigation system (INS) and encoders \[[@bib10]\]. In \[[@bib19]\], we improved the system with proposed measurement equations employing a KF. The relationship between the IMU and the walker, consisting of the attitude (represented by a rotation matrix) and position (represented by a translation vector) of the IMU in the walker coordinate system, is used to compute the position of the walker using the position of the IMU, which is manually measured. The measurement results are obtained by the experiments conducted by researchers. Therefore, when the system is available to general users, the outcomes may vary due to the different types of walkers and adjustments in the height of the walker\'s legs.

In this paper, we propose a method for fast calibration of the relationship using a simple procedure to extract the position and attitude of an IMU that is freely fixed to the frame of a standard walker. The procedure includes slightly tilting the walker to the front, back, right, and left by approximately 20°--45°. A KF based on an INS is used to estimate the movement trajectory of the IMU. We can compute the relationship based on the estimated trajectory and the geometric characteristics of walkers.

2. Methods {#sec2}
==========

2.1. System overview {#sec2.1}
--------------------

Our proposed system of a standard walker is shown in [Figure 1](#fig1){ref-type="fig"}, in which an IMU module consisting of an IMU and a micro SD card is freely mounted to the frame of the walker. The IMU contains a three-axis accelerometer and a three-axis gyroscope, with a sampling frequency of 100 $Hz$. The rectangle $ABCD$ creates the border, as illustrated in [Figure 1](#fig1){ref-type="fig"}.Figure 1World coordinate system, IMU coordinate system, and body coordinate system in the proposed system.Figure 1

There are three coordinate systems used in this study: a world coordinate system (WCS), a body coordinate system (BCS), and an IMU coordinate system (ICS). The WCS is fixed, while the ICS and BCS are changed together during moving of the walker. The ICS coincides with the physical coordinate system of the IMU. At the beginning of the period, the $x_{b}$-axis and $y_{b}$-axis of the BCS are on the horizontal floor, while the $z_{b}$-axis points upward, as shown in [Figure 2](#fig2){ref-type="fig"}. Unlike the procedures followed in \[[@bib10]\] and \[[@bib19]\], the origin is set at the midpoint of segment $CD$, as illustrated in [Figure 1](#fig1){ref-type="fig"}, because the distance from the origin to the heels of a user is nearest after a moving step. The $z_{w}$-axis of the WCS points upward, while the $x_{w}$-axis is in the vertical plane with the $x_{I}$-axis. The origin of the WCS is chosen to coincide with the origin of the ICS at the beginning of the period. The notation $\left\lbrack a \right\rbrack_{w}$ ($\left\lbrack a \right\rbrack_{b}$ or $\left\lbrack a \right\rbrack_{I}$) refers to vector $a$ in the WCS, BCS, or ICS, respectively.Figure 2Fast procedure for relationship calibration: a) tilting movements, b) distance computation.Figure 2

The relationship between ICS and WCS, represented by position $r$ and quaternion $q$, is estimated by the KF based on the INS (see [Subsection 2.3](#sec2.3){ref-type="sec"}). The relationship between ICS and BCS, consisting of the translation vector $T_{I}^{b}$ and the rotation matrix $C_{I}^{b},$ is calibrated by a fast procedure in [Subsection 2.2](#sec2.2){ref-type="sec"}. The terms $T_{I}^{b}$ and $C_{I}^{b}$ are necessary for computing the walker\'s position using the IMU\'s position.

2.2. Relationship of calibration between ICS and BCS {#sec2.2}
----------------------------------------------------

The fast procedure for relationship calibration includes pushing the walker slightly and tilting to the front, back, right, and left by approximately 20°--45° (see [Figure 2](#fig2){ref-type="fig"}a). During the tilting period, the IMU is rotated around segment AB (CD or BC or AD) in an arc with a radius of $d_{1}$ ($d_{2}$ or $d_{3}$ or $d_{4}$), respectively, as shown in [Figure 2](#fig2){ref-type="fig"}b.

The movement of the IMU in each tilting movement is estimated by using a KF based on the INS in [Subsection 2.3](#sec2.3){ref-type="sec"}. From the movement trajectory, we can compute the distance of movement $l_{i}$, the rotation angle $\alpha_{i}$, and the distance $d_{i}$ from the IMU to the border segments.

### 2.2.1. Rotation matrix estimation {#sec2.2.1}

Let $r \in R^{3}$ and $q \in R^{4}$ be the trajectory and quaternion (representing the attitude of IMU in WCS), respectively, during the tilting movement. Then $C\left( q \right)$ is the rotation matrix from WCS to ICS with respect to quaternion $q$ \[[@bib20]\], and can be computed as$$C\left( q \right) = \begin{bmatrix}
{q\left( 4 \right)^{2} + q\left( 1 \right)^{2} - q\left( 2 \right)^{2} - q\left( 3 \right)^{2}} & {2\left( {q\left( 1 \right)q\left( 2 \right) + q\left( 4 \right)q\left( 3 \right)} \right)} & \left. 2\left( q\left( 1 \right) \right.q\left( 3 \right) - q\left( 4 \right)q\left( 2 \right) \right) \\
{2\left( {q\left( 1 \right)q\left( 2 \right) - q\left( 4 \right)q\left( 3 \right)} \right)} & {q\left( 4 \right)^{2} - q\left( 1 \right)^{2} + q\left( 2 \right)^{2} - q\left( 3 \right)^{2}} & {2\left( {q\left( 1 \right)q\left( 2 \right) + q\left( 4 \right)q\left( 1 \right)} \right)} \\
{2\left( {q\left( 1 \right)q\left( 3 \right) + q\left( 4 \right)q\left( 2 \right)} \right)} & {2\left( {q\left( 1 \right)q\left( 3 \right) - q\left( 4 \right)q\left( 1 \right)} \right)} & {q\left( 4 \right)^{2} - q\left( 1 \right)^{2} - q\left( 2 \right)^{2} + q\left( 3 \right)^{2}} \\
\end{bmatrix},$$where $q = \begin{bmatrix}
{q\left( 1 \right)} & {q\left( 2 \right)} & \begin{matrix}
{q\left( 3 \right)} & {q\left( 4 \right)} \\
\end{matrix} \\
\end{bmatrix}$.

Following the definition of the rotation matrix, the rotation matrix from BCS to WCS at the beginning of the period is defined as$$\ C_{b1}^{w} = \begin{bmatrix}
x_{b1} & y_{b1} & z_{b1} \\
\end{bmatrix},$$where $x_{b1}$, $y_{b1}$, and $z_{b1}$ are the axes of the BCS at the beginning of period. At that time, the walker is standing on the floor. Therefore, $x_{b1}$ is pointing toward and in a horizontal plane, and $z_{b1}$ is pointing upward.

The $x_{b1}$-axis can be estimated by the backward tilting movement. The moving direction vector of the IMU in this movement is in the vertical plane with the $x_{b1}$-axis. The direction vector can be computed as$$dv_{i} = r_{1} - r_{N},$$where $r_{i}$ is the position of the IMU in the WCS at a discrete-time index $\ i$, and is estimated using a KF based on the INS; $i = 1$ and $i = N$ are the initial and final discrete-time index of the tilting movement, respectively.

The $x_{b1}$-axis in WCS can be computed by$$x_{b1} = \begin{bmatrix}
1 & 0 & 0 \\
0 & 1 & 0 \\
0 & 0 & 0 \\
\end{bmatrix}dv_{i}.$$

Since the $x_{b1}$-axis is a unit vector, $x_{b1}$ should be normalized by$$x_{b1} = \frac{x_{b1}}{\left\| x_{b1} \right\|}.$$

Since the $z_{b1}$-axis is pointing upward while the walker is standing on the horizontal floor, $z_{b1} = \begin{bmatrix}
0 & 0 & 1 \\
\end{bmatrix}^{\text{'}}$. The rotation matrix from BCS to WCS at the beginning of the tilting movement can be computed as$$C_{b1}^{w} = \begin{bmatrix}
x_{b1} & {z_{b1} \times x_{b1}} & z_{b1} \\
\end{bmatrix}.$$

The rotation matrix from ICS to BCS can be computed as$$C_{I}^{b} = C_{b1}^{w}C^{\text{'}}\left( q_{1} \right),$$where $q_{1}$ is quaternion $q$ at the beginning of the tilting movement and is estimated using a KF based on the INS.

### 2.2.2. Translation vector estimation {#sec2.2.2}

The fast procedure for calibrating the translation vector is shown in [Figure 2](#fig2){ref-type="fig"}a, in which the length of $d_{i}\ \left( i = 1:4 \right)$ can be computed as illustrated in [Figure 2](#fig2){ref-type="fig"}b. As can be seen, $d_{i}\ $ can be computed by using the movement distance $l_{i}$ and the rotation angle $\alpha_{i}$ in each tilting movement. Since $l_{i}$ is equal to the length of $dv_{i}$ computed in [(3)](#fd3){ref-type="disp-formula"}, $l_{i} = \left\| {dv_{i}} \right\|$.

Next, we compute the rotation angle $\alpha_{i}$ around a rotation axis. The rotation matrix from ICS at the end to BCS at the beginning can be computed as$$C_{IN}^{b1} = C_{b1}^{'w}C^{\text{'}}\left( q_{N} \right).$$

The rotation matrix from BCS at the end to BCS at the beginning can be computed as$$C_{bN}^{b1} = C_{b1}^{'w}C^{\text{'}}\left( q_{N} \right)C_{I}^{'b}.$$

Let $q_{ff}$ be the quaternion with respect to rotation matrix $C_{bN}^{b1}$, where $q_{ff}$ represents the rotation of the walker around segment $CD$ ($y_{b}$-axis) during the backward tilting movement. Therefore, the quaternion $q_{ff} = \begin{bmatrix}
{q_{ff}\left( 1 \right)} & {q_{ff}\left( 2 \right)} & \begin{matrix}
{q_{ff}\left( 3 \right)} & {q_{ff}\left( 4 \right)} \\
\end{matrix} \\
\end{bmatrix}\ $can be computed from the rotation matrix $C_{bN}^{b1}$ as follows:$$\begin{matrix}
{q_{ff}\left( 1 \right) = \frac{1}{2}\sqrt{C_{11} + C_{22} + C_{33} + 1}} \\
{q_{ff}\left( 2 \right) = \frac{C_{23} - C_{32}}{4q_{ff}\left( 1 \right)}} \\
\begin{matrix}
{q_{ff}\left( 3 \right) = \frac{C_{31} - C_{13}}{4q_{ff}\left( 1 \right)}} \\
{q_{ff}\left( 4 \right) = \frac{C_{12} - C_{21}}{4q_{ff}\left( 1 \right)}} \\
\end{matrix} \\
\end{matrix},$$where $C_{ij}$ is an element in row $i$ and column $j$ of rotation matrix $C_{bN}^{b1}$.

In addition, quaternion $q_{ff}$ is defined as follows:$$q_{ff} = \begin{bmatrix}
{\cos\frac{\alpha_{i}}{2}} & {\sin\frac{\alpha_{i}}{2}u_{i}} \\
\end{bmatrix} \in R^{4},$$where $u_{i} \in R^{3}$ and $\alpha_{i}$ are the rotation axis and rotation angle of the tilting movement $i$, respectively; $u_{i} \equiv y_{b}$ during the front/back, and $u_{i} \equiv x_{b}$ during the left/right tilting movement.

The term $\alpha_{i}$ is computed as follows:$$\alpha_{i} = 2\cos^{- 1}\left( \left. q_{ff}\left( 1 \right) \right) \right.$$

The value of $d_{i}$ is computed by using $l_{i}$ and $\alpha_{i}$ as follows:$$d_{i} = \frac{l_{i}}{2\ \sin\frac{\alpha_{i}}{2}}$$

From [Figure 2](#fig2){ref-type="fig"}a, the height of the IMU can be computed using $d_{1},\ d_{2}$ or $d_{3},\ d_{4}$. In this paper, we use all the terms $d_{1}$, $d_{2},d_{3},d_{4}$ to improve the precision of estimation:$$h = \frac{\sqrt{p_{1}\left( p_{1} - AB \right)\left( p_{1} - d_{3} \right)\left( p_{1} - d_{4} \right)}}{AB} + \frac{\sqrt{p_{2}\left( p_{2} - AD \right)\left( p_{2} - d_{1} \right)\left( p_{2} - d_{2} \right)}}{AD},$$where $p_{1} = \frac{AB + d_{3} + d_{4}}{2}$ and $p_{2} = \frac{AD + d_{1} + d_{2}}{2}$.

As demonstrated in [Figure 3](#fig3){ref-type="fig"}, the translation vector $T_{b}^{I}$ is computed by$$T_{b}^{I} = \begin{bmatrix}
\sqrt{d_{2}^{2} - h^{2}} \\
{\frac{1}{2}\left( {\sqrt{d_{3}^{2} - h^{2}} - \sqrt{d_{4}^{2} - h^{2}}} \right)} \\
h \\
\end{bmatrix}.$$Figure 3Translation vector from BCS to ICS.Figure 3

From [(7)](#fd7){ref-type="disp-formula"} and [(15)](#fd15){ref-type="disp-formula"} we can see that the relationship between ICS and BCS is immediately calibrated with the aid of a fast and simple procedure, including tilting the walker to the front, back, right, and left.

In order to simplify the procedure, the initial velocity of the IMU is used. In this case, the procedure just includes tilting movements to the back and the right. The translation vector $T_{b}^{I}$ is computed using the initial velocity $v_{i,init}$ and the upward vertical vector $g$, as shown in [Figure 4](#fig4){ref-type="fig"}. The term $v_{i,init}$ in WCS is estimated in the KF based on the INS, and $g = \begin{bmatrix}
0 & 0 & 1 \\
\end{bmatrix}^{\text{'}}$ coincides with $z_{b}$ in WCS. The angle between the two vectors ($g,v_{i,init}$) is computed by$$\beta_{3} = \cos^{- 1}\left( \frac{gv_{i,init}}{\left\| g \right\|\left\| v_{i,init} \right\|} \right)$$Figure 4Translation vector from BCS to the ICS using directional vector.Figure 4

From [Figure 4](#fig4){ref-type="fig"}, $\gamma_{3}$ can be computed as$$\gamma_{3} = \frac{\pi}{2} - \beta_{3}$$

The angle $\gamma_{2}\ $ is similarly computed. The height of the IMU in BCS can be computed by$$h = \frac{d_{2}\ \cos\left( \gamma_{2} \right) + d_{3}\ \cos\left( \gamma_{3} \right)}{2}$$

From [Figure 4](#fig4){ref-type="fig"}, the translation vector $T_{b}^{I}$ can be computed as follows:$$T_{b}^{I} = \begin{bmatrix}
{d_{2}\ \sin\left( \gamma_{2} \right)} \\
{d_{3}\ \sin\left( \gamma_{3} \right) - \frac{CD}{2}} \\
h \\
\end{bmatrix}$$

Thus, the procedure for calibrating the translation vector just uses two tilting movements and only involves manually measuring the distance between the two back legs.

The procedure for the rotation matrix and translation vector estimation can be summarized as follows.Parameter estimation procedure1. Estimate the rotation matrix $C_{I}^{b}$ ([Subsection 2.2.1](#sec2.2.1){ref-type="sec"}) • Compute $x_{b1}$ according to (5), using:$r$ from the KF • Compute $z_{b1} = \begin{bmatrix}
0 & 0 & 1 \\
\end{bmatrix}^{\text{'}}$ • Compute $C_{b1}^{w}$ according to (6), using:$x_{b1}$,$\ z_{b1}$ • Compute $C_{I}^{b}$ according to (7), using:$C_{b1}^{w}$2. Compute $d_{i}$$\text{for\ eachtilting\ movement}$ ([Subsection 2.2.2](#sec2.2.2){ref-type="sec"}) • Compute $l_{i} = \| dv_{i}\|$, using:$r$ from the KF • Compute $\alpha_{i}$ according to (12), using:$q$ from the KF • Compute $d_{i}$ according to (13), using:$l_{i}$, $\alpha_{i}$3. Estimate translation vector $T_{I}^{b}$ ([Subsection 2.2.2](#sec2.2.2){ref-type="sec"}) a. First method: • Compute $h\ \text{according~to~}\left( 14 \right)$, using:AB, AD, $d_{1},\ d_{2},d_{3},d_{4}$ • Compute $T_{I}^{b}$ according to (15), using:$h,\ d_{2},\ d_{3},\ d_{4}$ b. Second method: • Compute angle $\gamma_{2},\ \gamma_{3}\ \text{according~to~}\left( 17 \right)$, using:$v$ from the KF • Compute $h$ according to (18), using:$\gamma_{2},\ \gamma_{3},\ d_{2},\ d_{3}$ • Compute $T_{I}^{b}$ according to (19), using:$h,\ d_{2},\ d_{3},\ CD$

2.3. The kalman filter based on the INS {#sec2.3}
---------------------------------------

The trajectory of the IMU is estimated using the basic KF based on the INS, which is not a new result, and can be found in \[[@bib19], [@bib21], [@bib22]\]. The trajectory consists of position $r$, quaternion $q$, and velocity $v$ of the IMU in the WCS.

The terms $r,\ q$ , and $v$, used in [Subsection 2.2](#sec2.2){ref-type="sec"}, are related as follows:$$\begin{matrix}
{{\overset{˙}{q} = \frac{1}{2}\begin{bmatrix}
0 & {- \omega\left( 1 \right)} & {- \omega\left( 2 \right)} & {- \omega\left( 3 \right)} \\
{\omega\left( 1 \right)} & 0 & {\omega\left( 3 \right)} & {- \omega\left( 2 \right)} \\
{\omega\left( 2 \right)} & {- \omega\left( 3 \right)} & 0 & {\omega\left( 1 \right)} \\
{\omega\left( 3 \right)} & {\omega\left( 2 \right)} & {- \omega\left( 1 \right)} & 0 \\
\end{bmatrix}}q} \\
{\overset{˙}{v} = C^{'}\left( q \right)\left\lbrack a \right\rbrack_{I}} \\
{\overset{˙}{r} = v} \\
\end{matrix},$$where $\omega = \begin{bmatrix}
{\omega\left( 1 \right)} & {\omega\left( 2 \right)} & {\omega\left( 3 \right)} \\
\end{bmatrix}$ is the angular velocity of the ICS with respect to the WCS; and $a \in R^{3}$ is the acceleration of the IMU.

The outputs of the IMU, consisting of the output of accelerometers ($\left. o_{a} \in R^{3} \right)$and gyroscope ($o_{g} \in R^{3}$), are given by$$\begin{array}{l}
{o_{a} = \left\lbrack a \right\rbrack_{I} + C\left( q \right)g + n_{a}} \\
{o_{g} = \omega + n_{g}} \\
\end{array},$$where $n_{a} = b_{a} + v_{a} \in R^{3}$ and $n_{g} = b_{g} + v_{g} \in R^{3}$ are the noise of the accelerometer and the gyroscope, respectively, in which $v_{a} \in R^{3}$ and $v_{g} \in R^{3}$ are white noise, and $b_{a} \in R^{3}$ and $b_{g} \in R^{3}$ are biases of the noise; $\text{g} \in R^{3}$ is the local gravitational vector in the WCS.

[Eq. (20)](#fd20){ref-type="disp-formula"} is integrated by replacing $\left\lbrack a \right\rbrack_{I}$ with $o_{a}\  - \ C\left( q \right)g$ and replacing $\omega$ with $o_{g}$. Let $\widehat{q} \in R^{3}$, $\widehat{r} \in R^{3}$, $\widehat{v} \in R^{3}$ be the integrated values, and $\overline{q} \in R^{3}$, $\overline{r} \in R^{3}$, $\overline{v} \in R^{3}$ be the error due to the IMU noise. They are related as follows:$$\begin{array}{l}
{\overline{q} = \left\lbrack {0_{3 \times 1}\& I_{3 \times 3}} \right\rbrack\left( {\widehat{q}}^{\text{∗}} \otimes q \right)} \\
{\quad\quad\mspace{9mu}\overline{r} = r - \widehat{r}} \\
{\quad\quad\mspace{9mu}\overline{v} = v - \widehat{v}} \\
\end{array},$$where $\otimes$ is quaternion multiplication and $a^{\text{∗}}$ is the quaternion conjugate of quaternion $a$.

The state of the KF is as follows:$$x\left( t \right) = \begin{bmatrix}
\overline{q} \\
b_{g} \\
\begin{matrix}
\overline{r} \\
\overline{v} \\
b_{a} \\
\end{matrix} \\
\end{bmatrix}.$$

The system equation for the KF is as follows:$$\overset{˙}{x}\left( t \right) = A\left( t \right)x\left( t \right) + w\left( t \right),$$where$$A\left( t \right) = \begin{bmatrix}
\left\lbrack {- o_{g} \times} \right\rbrack & {- \frac{1}{2}I_{3 \times 3}} & \begin{matrix}
0 & \begin{matrix}
0 & 0 \\
\end{matrix} \\
\end{matrix} \\
0 & 0 & \begin{matrix}
0 & \begin{matrix}
0 & 0 \\
\end{matrix} \\
\end{matrix} \\
\begin{matrix}
0 \\
{{- 2C^{'}\left( \widehat{q} \right)\left\lbrack {o_{a} \times} \right\rbrack}0} \\
\end{matrix} & \begin{matrix}
0 \\
\begin{matrix}
0 \\
0 \\
\end{matrix} \\
\end{matrix} & \begin{matrix}
0 & \begin{matrix}
I_{3 \times 3} & 0 \\
\end{matrix} \\
\begin{matrix}
0 \\
0 \\
\end{matrix} & \begin{matrix}
\begin{matrix}
0 \\
0 \\
\end{matrix} & \begin{matrix}
0 \\
0 \\
\end{matrix} \\
\end{matrix} \\
\end{matrix} \\
\end{bmatrix},\text{~~}w\left( t \right) = \begin{bmatrix}
{- \frac{1}{2}v_{g}} \\
v_{bg} \\
\begin{matrix}
0 \\
{- C^{'}\left( \widehat{q} \right)v_{a}} \\
v_{ba} \\
\end{matrix} \\
\end{bmatrix},$$and $\left\lbrack {o_{a} \times} \right\rbrack \in R^{3 \times 3}$ is the skew-symmetric matrix of vector $o_{a} \in R^{3}$; $v_{bg}$ and $v_{ba}$ are the noise, which represents the small variation of biases.

During walking, there are intervals when the walker is on the horizontal floor and not moving. Since the velocity and the height of the walker are almost zero, the error in the velocity and the third component of the walker\'s position can be reset. The algorithm to detect the zero velocity intervals and the updating equations for the KF at the intervals can be found in \[[@bib19]\].

2.4. Experiments {#sec2.4}
----------------

The walker system used for the experiments to evaluate the accuracy of the proposed algorithm is shown in [Figure 5](#fig5){ref-type="fig"}. The walking data are recorded by the IMU (model MTi-1, 100 $Hz$, Xsens, Netherlands) and stored in a micro SD card. The purpose of this section is to verify that the proposed calibration method, which can be used to estimate the relationship between ICS and BCS when the IMU is set anywhere in the frame of the walker, and the estimated relationship can be used to estimate the movement trajectory of the walker during walking.Figure 5Walker system for experiment with five poses of IMU module.Figure 5

Two experiments are implemented in this study, in which two elderly people (a male and a female) are asked to walk 10 $m$ along a corridor and 17.5 $m$ along a rectangle trajectory ($\left. 5\ m \times 3.75\ m \right)$ using the walker system. The participants received written informed consent and voluntarily agreed to participate in the experiments. The experimental protocol was approved by The University of Danang -- University of Technology and Education, Vietnam.

The IMU module is mounted to the walker in five different poses (position and attitude), as shown in [Figure 5](#fig5){ref-type="fig"}. The ICS, numbered from 1 to 5, is set in five different positions of the walker, and the direction of the axes is changed in each position. The x-, *y*-, and $z$-axes of the coordinate systems are in black, blue, and red colors, respectively. The estimated rotation matrix $C_{I}^{b}\ $ and the estimated translation vector $T_{b}^{I}$ for five different poses are shown in [Table 1](#tbl1){ref-type="table"}. The term $T_{b,1}^{I}$ is the translation vector computed by [(15)](#fd15){ref-type="disp-formula"} using the full procedure consisting of four tilting movements, while $T_{b,2}^{I}$ is computed by [(19)](#fd19){ref-type="disp-formula"} using the fast procedure consisting of two tilting movements. Since it is difficult to evaluate the accuracy of parameters in [Table 1](#tbl1){ref-type="table"}, and the main purpose of the proposed system is to estimate the walking parameters using the trajectory of the walker, we implemented two experiments to evaluate the accuracy of the proposed system by the estimated distance and position, in which the trajectory of the walker (BCS) is computed from the trajectory of the IMU using the rotation matrix $C_{I}^{b}$ and translation vector $T_{b}^{I}$ \[[@bib19]\]:$$r_{b,i} = r_{i} - C_{b,i}^{w}T_{b}^{I}$$where $r_{b,i}$ is the position of the BCS; and $C_{b,i}^{w} = \left( \left. C_{I}^{b}C\left( q_{i} \right) \right) \right.^{T}$ is the rotation matrix from the BCS to the WCS at discrete-time index $i$.Table 1Relationship between ICS and BCS for five different poses of the IMU.Table 1Pose$C_{I}^{b}$$T_{b}^{I}$1$\begin{bmatrix}
0.1563 & 0.0119 & {- 0.9876} \\
0.9873 & 0.0250 & 0.1565 \\
0.0266 & {- 1.0017} & {- 0.0079} \\
\end{bmatrix}$$T_{b1}^{I} = \begin{bmatrix}
0.4589 & {- 0.2120} & 0.6268 \\
\end{bmatrix}^{'}$\
$T_{b2}^{I} = \begin{bmatrix}
0.4039 & {- 0.3259} & 0.6390 \\
\end{bmatrix}^{'}$2$\begin{bmatrix}
0.1563 & {- 0.6062} & {- 0.7229} \\
{- 0.9318} & {- 0.0898} & {- 0.3507} \\
0.1478 & 0.7900 & {- 0.5950} \\
\end{bmatrix}$$T_{b1}^{I} = \begin{bmatrix}
0.4996 & 0.0159 & 0.6570 \\
\end{bmatrix}^{'}$\
$T_{b2}^{I} = \begin{bmatrix}
0.4713 & 0.1857 & 0.6563 \\
\end{bmatrix}^{'}$3$\begin{bmatrix}
0.0426 & {- 0.8700} & {- 0.4902} \\
0.0618 & 0.4920 & {- 0.8678} \\
0.9972 & 0.0066 & 0.0749 \\
\end{bmatrix}$$T_{b1}^{I} = \begin{bmatrix}
0.1944 & {- 0.2489} & 0.3580 \\
\end{bmatrix}^{'}$\
$T_{b2}^{I} = \begin{bmatrix}
0.1990 & {- 0.1098} & 0.3262 \\
\end{bmatrix}^{'}$4$\begin{bmatrix}
{- 0.1929} & {- 0.5562} & 0.8080 \\
{- 0.9442} & 0.3286 & 0.0008 \\
{- 0.2660} & {- 0.7632} & {- 0.5888} \\
\end{bmatrix}$$T_{b1}^{I} = \begin{bmatrix}
0.4554 & {- 0.1453} & 0.5755 \\
\end{bmatrix}^{'}$\
$T_{b2}^{I} = \begin{bmatrix}
0.3201 & {- 0.1009} & 0.6159 \\
\end{bmatrix}^{'}$5$\begin{bmatrix}
{- 0.6299} & {- 0.4139} & {- 0.6566} \\
{- 0.4547} & {- 0.4886} & 0.7442 \\
{- 0.6293} & 0.7679 & 0.1196 \\
\end{bmatrix}$$T_{b1}^{I} = \begin{bmatrix}
0.0917 & 0.0264 & 0.5654 \\
\end{bmatrix}^{'}$\
$T_{b2}^{I} = \begin{bmatrix}
0.0051 & 0.0821 & 0.5870 \\
\end{bmatrix}^{'}$

3. Results {#sec3}
==========

In the first experiment, two elderly people were asked to walk 10 $m$ along a corridor using the walker. Two elderly people walked six times along the corridor in each pose of the IMU with the walker. The movement trajectory of the walker during walking was estimated, and is shown in [Figure 6](#fig6){ref-type="fig"}, in which the blue line, the red line, and the black dashed line show the movement trajectory of the ICS, the first BCS (with respect to $T_{b,1}^{I}$), and the second BCS (with respect to $T_{b,2}^{I}$), respectively. The results of the experiment are shown in [Table 2](#tbl2){ref-type="table"}, consisting of the distance estimation and the distance error. In this experiment, every point in the walker travels the same distance from the starting point to the ending point. Thus, the ICS is only set at pose 1 and only $T_{b,2}^{I}$ is used to evaluate the accuracy in the proposed system. The average distance estimation is 9.8011 $m$ and the average distance error is 0.3123 $m$. Thus, the accuracy of distance estimation using the walker system is approximately 97%. This is an acceptable accuracy in terms of walking parameter estimation.Figure 6Movement trajectory estimation of the walker along a corridor.Figure 6Table 2Distance estimation for walking $10m$ along a corridor.Table 2PoseTimeDistance Estimation (m)Distance Error (m)119.67590.324129.84060.159439.8240.17649.73340.266659.77210.2279610.01220.0122*Average9.80970.1944*219.65650.343529.83410.165939.72670.273349.77610.223959.68480.315269.7060.294*Average9.73070.2693*3110.32070.3207210.32820.3282310.30250.3025410.21890.2189510.41720.4172610.10090.1009*Average10.28140.2814*419.5160.48429.62380.376239.56490.435149.56490.435159.59320.406869.50920.4908*Average9.5620.438*519.65250.347529.5340.46639.73870.261349.67490.325159.64640.353669.48280.5172Average9.6525*0.3785****Average**9.8011**0.3123***

In the second experiment, the same elderly participants (a man and a women) were asked to walk around a rectangular trajectory ($\left. 5\ m \times 3.75\ m \right)$ using the walker. The participants walked six times along the rectangle in each pose of the IMU. [Figure 7](#fig7){ref-type="fig"} shows the estimated trajectory of the IMU and the walker, in which the blue line, the red line, and the black dashed line show the movement trajectory of the ICS, the first BCS (with respect to $T_{b,1}^{I}$), and the second BCS (with respect to $T_{b,2}^{I}$), respectively. The starting point and the ending point must be in the same position. To evaluate the accuracy of the estimation, the position error between the estimated starting point and the estimated ending point is used. The results of the experiment are displayed in [Table 3](#tbl3){ref-type="table"} for the first BCS, and in [Table 4](#tbl4){ref-type="table"} for the second BCS, consisting of the position error and the distance error. The position error in the $z$-axis is equal to zero because the height of the BCS is reset when the walker is standing on the floor. By comparing the different poses in Tables [3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}, the conclusion in which there is a small difference of position error and distance error using the first and second estimated BCS can be reached. However, the average position errors of the $x,\ y$, *z* distance errors are −0.3019 $m$, 0.2849 $m$, 0.517 $m$ using the first estimated BCS and −0.33374 $m$, 0.2012 $m$, 0.5041 $m$ using the second estimated BCS, respectively. Thus, the first and the second methods for estimating $T_{b}^{I}$ give the same performance with a distance error of approximately $3\text{\%}$, while the procedure of the second method for estimating $T_{b}^{I}$ consists of only two tilting movements and requires manual measurement of the distance between the two legs of the walker. The distance is not altered significantly when the height of the walker legs is adjusted. Thus, the second method for estimating the translation vector is better than the first method. The average distance error is approximately $3\text{\%}$ (0.517 $m$ per 17.5 $m$ walking). This is an acceptable error for walking parameter estimation.Figure 7Movement trajectory estimation of the walker around a rectangular shape.Figure 7Table 3Position error of walking around rectangular trajectory for the first estimated BCS.Table 3PoseTimePosition Error (m)$x$$y$$z$Distance11-0.68620.359400.77462-0.58070.407500.70943-0.84640.652801.06894-0.68080.614300.91705-0.61010.644100.88726-0.64580.500600.8171*Average-0.6750.529800.8624*21-0.37960.010900.37972-0.49170.194800.52893-0.5011-0.093200.50964-0.67130.348000.75615-0.65040.178900.67456-0.52670.412900.6692*Average-0.53680.175400.5863*31-0.09930.494900.50482-0.00210.318200.318230.14670.365500.393840.15830.198000.25355-0.00440.444700.444760.19770.150600.2485*Average0.06620.328600.3606*41-0.06420.021900.067820.0342-0.293500.295530.1847-0.324800.37364-0.12390.117600.17085-0.23590.154300.28196-0.19230.125800.2298*Average-0.0662-0.033100.2366*51-0.09050.340400.35232-0.40530.361300.54293-0.1558-0.020300.15714-0.50730.789600.93855-0.36840.660400.75626-0.25960.413000.4878*Average-0.29780.424100.5391*Average-0.30190.284900.5170Table 4Position error of walking around rectangular trajectory for the second estimated BCS.Table 4PoseTimePosition Error (m)$x$$y$$z$Position11-0.57900.292300.64862-0.46990.346500.58393-0.74320.579800.94264-0.57190.550000.79355-0.50880.568400.76286-0.53700.436300.6919*Average-0.56830.462200.7372*21-0.5508-0.005000.55082-0.47830.023400.47883-0.4820-0.264100.54964-0.68390.176500.70635-0.65580.007000.65586-0.55190.242800.6029*Average-0.56710.030100.5907*31-0.23890.497700.55202-0.14150.327200.356530.00710.360500.360540.01870.193400.19435-0.14390.451500.473860.05830.140900.1525*Average-0.07340.328500.3483*41-0.1013-0.115700.153820.0102-0.434100.434230.1650-0.466000.49444-0.1686-0.017600.16955-0.29370.024100.29476-0.2459-0.006200.2460*Average-0.1057-0.169300.2988*51-0.15790.263300.30702-0.47550.286600.55523-0.2250-0.095900.24464-0.59090.730300.93945-0.45070.599500.75006-0.33380.342100.4780*Average-0.37230.354300.5457*Average-0.33740.201200.5041

4. Discussion and conclusions {#sec4}
=============================

In this paper, we proposed a fast procedure for the relationship estimation between an IMU and a walker, consisting of a rotation matrix and a translation vector from the BCS to the ICS. The purpose of this research study is to easily apply the IMU to various types of standard walkers and to calibrate the relationship when the users adjust the height of the walker legs for comfortable use.

The procedure consists of four types of tilting of the walker to the front, back, right, and left. The tilting movements rotate the walker and the IMU along an arc of approximately 20°--45° around a segment connecting two tips on one side of the walker legs. The movements of the IMU are estimated using a KF based on the INS.

The rotation matrix from the ICS to the BCS is estimated using the gravity acceleration vector measured by the IMU while the walker is standing on the floor, and backward tilting is estimated by a KF based on the INS. The translation vector from BCS to ICS is computed using the moving distance, the rotation angle, and the moving direction estimated in each tilting movement. There are two methods, having the same performance, to estimate the translation vector from BCS to ICS. The first method is more complex due to the implementation of four tilting movements. The second method is simpler owing to the implementation of only two tilting movements.

Two experiments were conducted to verify the accuracy of the proposed method. In these experiments, two participants, consisting of an elderly male and female, were asked to push the walker system along a corridor of 10 $m$ and a rectangle with a perimeter of $17.5m$ ($5m \times 3.75m$). The results of the experiments show that the accuracy of the estimated distance and position is approximately $97\%$. This is an acceptable error for walking parameter estimation.

In comparison with other research studies, the results of \[[@bib10]\] and \[[@bib19]\] were used, in which the translation vector is manually and carefully measured. Because there is no rolling movement for the standard walker, the results of the lifting case in \[[@bib10]\] and \[[@bib19]\] were used in the comparison. In the lifting case, the accuracy of distance was estimated at approximately 98.3% in \[[@bib10]\], 98.5% in \[[@bib19]\], and 97% in this study. Thus, there is no significant reduction in the accuracy of the distance estimation using the fast procedure for relationship estimation between the IMU and the walker.

To evaluate the effect of the inaccuracy of the estimated translation vector for the walker\'s trajectory estimation, (25) must be analyzed, in which the position of the walker $r_{b,i}$ is computed using the position of the IMU in the WCS, $r_{i}$, and the estimated parameters. The error of component $r_{i}$ depends on the KF based on the INS (see [Subsection 2.3](#sec2.3){ref-type="sec"}) and is independent of the estimated parameters. The error of the component $C_{b,i}^{w}T_{b}^{I}$ is directly dependent on the estimated parameters. Let $Tt_{b}^{I}$ and $Te_{b}^{I}$be the true and error components of the estimated translation vector $T_{b}^{I}$. We have$$C_{b,i}^{w}T_{b}^{I} = C_{b,i}^{w}Tt_{b}^{I} + C_{b,i}^{w}Te_{b}^{I}$$

Let $N$ be the discrete-time index at the end of walking. The walking length is computed as$$\left\| {r_{b,N} - r_{b,1}} \right\| = \left\| {r_{N} - r_{1} + C_{b,1}^{w}T_{b}^{I} - C_{b,N}^{w}T_{b}^{I}} \right\|$$

By using the results in [(26)](#fd26){ref-type="disp-formula"} for (27), we have$$\left\| {r_{b,N} - r_{b,1}} \right\| = \left\| {r_{N} - r_{1} + \left( C_{b,N}^{w} - C_{b,1}^{w} \right)Tt_{b}^{I} - \left( C_{b,N}^{w} - C_{b,1}^{w} \right)Te_{b}^{I}} \right\|$$

As can be seen in [(28)](#fd28){ref-type="disp-formula"}, the component of the walking length error affected by the inaccuracy of the estimated translation vector is $\left( C_{b,N}^{w} - C_{b,1}^{w} \right)Te_{b}^{I}$. In general, the error is proportional to the difference of the walker\'s attitude at the beginning and the end of walking. This means that the estimated parameters affect the walking length error for changing direction (see [Figure 7](#fig7){ref-type="fig"}), but they do not affect the error in walking along a straight path (see [Figure 6](#fig6){ref-type="fig"}).

Although the proposed procedure for relationship estimation is only derived for a standard walker, it can be applied to a front-wheeled walker by using the second method (two tilting movements) under the assumption that the border $ABCD$ is a rectangular shape. The first method (four tilting movements) cannot be directly applied to a front-wheeled walker because the walker can be rotated during tilting to the front.
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